The genesis of the slab window-related Arzular low-sulfidation epithermal gold mineralization (eastern Pontides, NE Turkey)  by Akaryalı, Enver & Tüysüz, Necati
Geoscience Frontiers 4 (2013) 409e421Contents lists available at SciVerse ScienceDirect
China University of Geosciences (Beijing)
Geoscience Frontiers
journal homepage: www.elsevier .com/locate/gsfResearch paper
The genesis of the slab window-related Arzular low-sulﬁdation
epithermal gold mineralization (eastern Pontides, NE Turkey)
Enver Akaryalı a,*, Necati Tüysüz b
aGumushane University, Department of Geology, 29000, Gumushane, Turkey
bKaradeniz Technical University, Department of Geology, 61080, Trabzon, Turkeya r t i c l e i n f o
Article history:
Received 11 September 2012
Received in revised form
9 November 2012
Accepted 4 December 2012
Available online 7 January 2013
Keywords:
Slab window
Epithermal gold
Isotope
Fluid inclusion
Mineralization
Tectonics* Corresponding author.
E-mail address: eakaryali@gmail.com (E. Akaryalı).
Peer-review under responsibility of China University
Production and hosting by El
1674-9871/$ e see front matter  2013, China Univer
http://dx.doi.org/10.1016/j.gsf.2012.12.002a b s t r a c t
The Arzular mineralization is one of the best examples of epithermal gold deposits in the eastern
Pontides orogenic belt. The mineralization is hosted by the subduction-related basaltic andesites and
is mainly controlled by EeW and NEeSW trending fracture zones. The main ore minerals are galena,
sphalerite, pyrite, chalcopyrite, tetrahedrite and gold. Homogenization temperatures of ﬂuid inclu-
sions are between 130 and 295 C for quartz and between 90 and 133 C for sphalerite. Sulphur
isotope values obtained from pyrite, galena and sphalerite vary between 1.2& and 3&, indicating
that sulphur belongs to magmatic origin and was derived from the Lutetian non-adakitic granitic
intrusions in the region. Oxygen isotope values are between 15.0& and 16.7&, and hydrogen isotope
values are between 87& and 91&. The sulphur isotope thermometer yielded temperatures in the
range of 244e291 C for the ore formation. Our results support the hypothesis that the Arzular
mineralization is a low-sulﬁdation epithermal gold deposit associated with non-adakitic subduction-
related granitic magmas that were generated by slab window-related processes in a south-dipping
subduction zone during the Lutetian.
 2013, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
The eastern Pontides orogenic belt, which constitutes an
important part of the Alpine-Himalayan system, hosts various
types of economic mineral deposits including massive sulﬁde,
porphyry copper, skarn, and epithermal vein-type ore deposits
(e.g., Gettinger, 1962; Aslaner, 1977; Pejatoviç, 1979; Leitch, 1981;
Yalçınalp, 1992; Lermi, 1996; Akçay et al., 1998; Çiftçi, 2000;
Tüysüz, 2000; Lermi, 2003; Eyuboglu et al., 2011a). However, there
is no consensus about the geodynamic evolution of this metal-
logenic belt due to lack of systematic geological, geochemical and
geochronological data. There are two main ideas about the lateof Geosciences (Beijing)
sevier
sity of Geosciences (Beijing) and PMesozoiceCenozoic geodynamic evolution of the region. Some
authors suggested that the eastern Pontides orogenic belt was
shaped by southward subduction of an oceanic lithosphere that
was situated in the north of the belt during the
MesozoiceCenozoic (e.g., Dewey et al., 1973; Bektas¸ et al., 1999).
Conversely, most authors claimed a northward subduction model
for the late MesozoiceCenozoic geodynamic evolution of the
eastern Pontides orogenic belt (e.g., Adamia et al., 1977; S¸engör
and Yılmaz, 1981). In recent years, Eyuboglu et al. (2011a,b,c,d,e;
2012a,b) indicated that the early Cenozoic adakitic and non-
adakitic magmas were generated by slab window-related
processes in a south-dipping subduction zone beneath eastern
Pontides magmatic arc based on systematic geological, geochem-
ical and geochronological data obtained from whole region. They
also suggest that the epithermal gold deposits in the region are
related to non-adakitic Lutetian granitic intrusions that are well-
exposed in north of the Gumushane-Bayburt-_Ispir line (Eyuboglu
et al., 2011a). In this study, we report new geological, geochem-
ical and isotopic data to explain the genesis of the Arzular
mineralization, which represents one of the best examples of
epithermal gold deposits associated with non-adakitic granitic
intrusions in the eastern Pontides orogenic belt.eking University. Production and hosting by Elsevier B.V. All rights reserved.
Figure 1. Main geological features and tectonic zones of the eastern Pontides orogenic belt (NAF: North Anatolian Fault; NEAF: Northeast Anatolian Fault, after Eyuboglu et al., 2006).
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The eastern Pontides orogenic belt extends between the south-
eastern coast of the Black Sea and the northeastern edge of the
Tauride carbonate platform, and is divided into three subzones as
Northern, Southern and Axial from north to south based on distri-
bution of the main lithological units, facies changes and tectonic
characteristics (Bektas¸ et al., 1995; Eyuboglu et al., 2006; Fig. 1). The
Northern Zone is generally represented by the late Cretaceous and
Cenozoic volcanic rocks and granitic intrusions. The Southern Zone
comprises mainly Pulur, Agvanis, Tokat metamorphic massifs andFigure 2. Geological map of the ArzularGumushane-Kose granitoids representing the Hercynian basement
of the eastern Pontides orogenic belt (Topuz et al., 2004, 2007, 2011;
Dokuz, 2011), the late Triassic Alaskan-type maﬁc-ultramaﬁc
intrusions (Eyuboglu et al., 2010, 2011f), MesozoiceCenozoic sedi-
mentary rocks, the late Cretaceous shoshonitic - ultrapotassic rocks
(Eyuboglu, 2010; Eyuboglu et al., 2011b), and early Cenozoic adakitic
and non-adakitic magmatics (Karsli et al., 2010; Eyuboglu et al.,
2011a,b,c,d,e; Topuz et al., 2011). The Axial Zone is mainly repre-
sented by the maﬁc-ultramaﬁc masses and the middle to late
Cretaceous ophiolithic olistostromalmélange (Eyuboglu et al., 2007,
2011f). Each zone is separated by the NWeSE, NEeSW and EeWarea (after Eyuboglu et al., 2012b).
Table 1
Major (wt.%), trace and rare earth element (ppm) concentrations of host rocks from the Arzular mineralization ﬁeld.
Element P-1 P-4 P-5 P-6 P-8 P-10 P-12 P-22 P-24 P-26 P-29 P-31 P-32 P-35 P-37 P-38
SiO2 51.78 53.21 50.70 50.88 53.22 51.07 52.76 50.37 49.44 51.53 51.96 51.11 52.17 51.39 53.69 49.75
TiO2 0.70 0.96 0.77 0.79 0.64 0.77 0.75 0.99 0.81 0.76 0.77 0.76 0.75 0.85 0.72 1.17
Al2O3 19.07 18.53 18.30 19.15 20.51 18.26 20.44 19.89 19.71 21.31 20.55 20.87 20.68 18.97 18.05 18.33
Fe2O3 7.77 9.46 9.21 8.10 7.25 9.57 8.12 9.06 8.92 7.61 8.41 8.22 8.19 6.33 8.59 11.37
MnO 0.15 0.20 0.18 0.25 0.17 0.19 0.15 0.25 0.12 0.19 0.15 0.15 0.15 0.18 0.16 0.24
MgO 3.41 3.17 3.35 3.24 2.56 4.80 3.42 3.37 3.72 2.67 3.49 3.46 3.40 1.38 4.40 4.51
CaO 7.01 7.62 7.68 6.96 8.97 9.58 9.51 10.12 7.37 9.77 9.44 10.16 9.76 12.47 8.91 8.78
Na2O 4.10 3.38 3.34 4.01 3.16 2.86 3.02 2.90 3.04 3.19 3.03 2.92 2.97 3.09 2.83 3.00
K2O 1.00 1.05 1.04 1.25 0.59 0.53 0.54 0.55 0.54 0.61 0.64 0.22 0.37 0.84 0.36 0.34
P2O5 0.16 0.25 0.17 0.18 0.19 0.13 0.15 0.15 0.15 0.16 0.13 0.12 0.14 0.12 0.12 0.20
LOI 4.60 2.00 5.30 5.20 2.60 2.10 1.00 2.20 6.20 2.10 1.30 1.90 1.20 4.30 2.00 2.10
Total 99.75 99.83 100.04 100.01 99.86 99.86 99.86 99.85 100.02 99.90 99.87 99.89 99.78 99.92 99.83 99.79
Sc 24.00 30.00 26.00 26.00 20.00 35.00 25.00 37.00 27.00 23.00 26.00 25.00 24.00 42.00 33.00 38.00
V 199.00 217.00 231.00 203.00 152.00 272.00 204.00 318.00 227.00 181.00 207.00 253.00 211.00 321.00 242.00 318.00
Co 19.10 18.40 19.50 17.70 15.00 28.10 21.00 27.20 13.70 16.90 20.00 22.50 20.20 12.80 24.70 29.30
Ni 9.50 6.40 8.90 5.00 3.90 8.20 5.50 13.10 2.90 3.10 4.50 3.30 4.00 6.70 4.50 8.30
Cu 82.00 68.90 131.60 135.30 82.60 73.80 73.30 112.10 97.90 102.60 65.30 80.70 67.50 66.40 70.90 154.60
Zn 44.00 35.00 68.00 69.00 74.00 45.00 23.00 53.00 31.00 35.00 24.00 27.00 24.00 20.00 30.00 68.00
Ga 16.40 16.40 16.00 17.10 17.30 16.10 16.90 16.80 16.20 16.60 16.90 17.20 17.30 16.70 16.20 16.70
Cs 0.30 0.20 1.20 0.40 n.d n.d 0.80 0.20 0.80 0.10 0.40 0.50 0.70 0.90 11.20 0.20
Rb 15.20 11.30 26.70 19.70 6.30 7.70 17.00 8.00 13.60 7.50 12.70 3.40 14.10 13.70 27.00 3.40
Ba 283.00 339.00 351.00 353.00 256.00 172.00 224.00 164.00 105.00 214.00 218.00 161.00 194.00 240.00 246.00 162.00
Sr 511.10 452.70 395.00 398.00 542.30 385.90 488.80 445.30 399.20 560.90 484.40 725.70 533.30 446.30 475.60 430.90
Y 17.80 28.50 22.10 22.40 20.30 17.10 17.50 20.80 20.10 20.10 17.10 18.20 17.90 15.20 16.40 24.90
Zr 61.00 85.90 58.20 59.50 60.20 46.40 54.70 53.80 47.20 58.00 54.20 59.20 56.10 45.80 58.00 79.60
Nb 2.80 4.20 3.10 2.80 2.60 2.20 2.60 2.90 2.60 3.20 2.90 9.40 3.00 2.40 3.20 3.20
Hf 1.60 2.60 1.70 2.00 1.70 1.50 1.50 2.00 1.30 1.90 1.90 1.70 1.80 1.60 1.90 2.20
Ta 0.20 0.30 0.20 0.10 0.10 n.d 0.20 0.10 0.20 0.10 0.10 n.d n.d 0.20 0.20 0.10
Pb 2.60 2.00 25.40 4.50 2.40 1.10 1.60 1.80 1.50 1.90 1.70 3.80 2.70 2.50 2.10 22.70
Th 0.80 1.10 0.60 0.90 0.40 1.00 0.50 0.50 0.50 0.60 0.40 0.80 1.10 0.50 1.80 0.70
U 0.40 0.30 0.20 0.20 0.10 0.20 0.30 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.40 0.20
La 9.90 13.60 11.10 9.70 9.20 6.20 8.40 7.50 7.90 8.60 7.80 8.20 8.10 7.30 8.90 10.00
Ce 20.00 28.70 21.70 20.00 20.30 13.80 16.70 17.20 17.00 18.10 16.10 18.00 17.20 14.60 18.00 23.00
Pr 2.80 3.98 2.92 2.76 2.73 1.93 2.32 2.48 2.33 2.53 2.26 2.46 2.34 2.04 2.35 3.24
Nd 12.60 18.30 14.20 12.90 12.00 9.50 9.70 11.20 11.00 12.50 10.00 10.80 10.50 9.30 10.50 15.30
Sm 2.74 4.05 3.05 2.84 2.76 2.11 2.46 2.81 2.68 2.55 2.58 2.65 2.47 2.21 2.31 3.72
Eu 1.01 1.32 1.04 1.02 0.97 0.79 0.95 0.98 0.87 0.99 0.86 0.91 0.88 0.86 0.80 1.30
Gd 3.02 4.40 3.55 3.36 3.29 2.74 2.74 3.46 3.30 3.22 2.71 2.90 2.82 2.59 2.64 4.25
Tb 0.56 0.81 0.63 0.61 0.57 0.49 0.50 0.62 0.55 0.62 0.49 0.53 0.50 0.45 0.48 0.78
Dy 3.20 4.82 3.55 3.41 3.38 2.82 2.81 3.47 3.30 3.35 3.01 3.07 2.99 2.68 2.72 4.16
Ho 0.67 1.03 0.75 0.73 0.67 0.63 0.63 0.76 0.69 0.74 0.58 0.65 0.61 0.56 0.56 0.91
Er 2.09 2.67 2.08 2.04 1.95 1.70 1.69 2.15 1.94 2.09 1.65 1.96 1.64 1.43 1.61 2.46
Tm 0.28 0.47 0.37 0.33 0.34 0.27 0.24 0.33 0.29 0.33 0.26 0.30 0.27 0.22 0.27 0.39
Yb 1.87 2.57 1.96 2.07 1.93 1.68 1.66 1.96 1.73 1.99 1.69 1.95 1.74 1.40 1.52 2.58
Lu 0.29 0.46 0.32 0.34 0.30 0.28 0.28 0.34 0.30 0.31 0.28 0.29 0.28 0.22 0.25 0.43
Figure 3. Nb/Y versus Zr/TiO2  0.0001 chemical nomenclature diagram (A) and AFM ternary plot (B) of the basaltic-andesitic rocks hosting the Arzular mineralization (A:
Winchester and Floyd, 1977; B: tholeiitic-cal-calkaline boundary after Irvine and Baragar, 1971).
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Figure 4. K2O versus Na2O (A) and Th versus Co (B) geochemical classiﬁcation diagrams for the Arzular (Gumushane) volcanic rocks (A: after Hastie et al., 2007).
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associated mineralizations in the region (Maden, 2005; Eyuboglu
et al., 2006, 2007).
The study area is located in the Southern Zone of the eastern
Pontides orogenic belt (Fig. 1) and is underlain by the late
Jurassiceearly Cretaceous Berdiga Formation, consisting of thick
to medium bedded and gray-beige colored carbonate rocks
(Fig. 2). This unit is overlain by the late Cretaceous Kermutdere
Formation that starts with yellowish sandy limestones and
continues with red pelagic limestones. A turbidite sequence
including sandstone, siltstone, marl and minor limestone repre-
sents the upper part of the Kermutdere Formation in the studyFigure 5. Primitive mantle-normalized trace element (A) and chondrite-normalized rare ear
(primitive mantle values from Sun and McDonough, 1989; chondrite values from Boynton,area (Fig. 2). These autochthonous units are cut by the early
Eocene biotite-rich adakitic andesites (Eyuboglu et al., 2012b). All
of these units exposed in the study area are unconformably
covered by the Eocene Alibaba Formation (Fig. 2). The formation
starts with a basal conglomerate level and grades upward
nummulite-bearing limestones and continues a thick sequence of
volcanic material including basaltic-andesitic volcanic rocks and
associated pyroclastic rocks.
The Arzular epithermal gold mineralization is located on
Kuzdagı Ridge, immediately west of the Arzular village and is
hosted by moderately to strongly altered basaltic-andesitic rocks
of the Eocene Alibaba Formation (Fig. 2). In this area, theth element (B) patterns of representative samples from the andesitic-basaltic host rocks
1984).
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ing fracture zones and has a surface area of one square kilometer.
The length of the EeW trending fracture zone is approximately
500 m and is dips about 70 to the North. The width of ore-
bearing quartz veins along this zone varies from 10 to 40 cm.
The second mineralization occurs within NEeSW trending and
the 75 NW dipping fracture zone (Fig. 2). The length of this ore-
bearing zone is about 1500 m and its width varies between
20 and 50 cm. Galena, sphalerite, pyrite, tetrahedrite and chal-
copyrite are the most common ore minerals in both fracture
zones and they occur in several forms such as cavity- and
fracture-ﬁlling, banded, disseminated and rarely brecciated. The
volcanic rocks hosting the Arzular mineralization display
different types of hydrothermal alteration, depending upon the
distance from the mineralization zone. The country rock shows
argillization in the vicinity of ore-bearing zone whereas siliciﬁ-
cation is observed within the ore-bearing zone. Limonititization
and hematitization are the main alteration types away from the
mineralization zone.
3. Analytical methods
Major, trace and rare earth element concentrations of basaltic-
andesitic rocks hosting Arzular mineralization were determined
by ICP-MS method at the ACME Analytical Laboratories in Canada.
0.2 g of pulverized sample was weighed into a graphite crucibleFigure 6. (A) Replacement of pyrite and chalcopyrite by galena, (B) replacement of pyrite by
by galena and cataclastic texture in chalcopyrite, (D) chalcopyrite exsolutions in sphalerite
and tetrahedrite inclusions in galena, (F) chalcopyrite exsolutions in contact galena-sphalerit
Gn: Galena, Sl: Sphalerite, Py: Pyrite, Cp: Chalcopyrite, Td: Tetrahedrite; Scale bar ¼ 200 mand mixed with 1.5 g of LiBO2 ﬂux. The mixture was then heated
in a mufﬂe furnace for 15 min at 1050 C. The molten is then
mixture removed and quickly poured into 100 mL of 5% HNO3. This
solution is shaken for 2 h and the aliquot is poured into a poly-
propylene test tube. Standards and reagent blanks are added to the
sample sequence. At the second stage (sample analysis), sample
solutions are aspirated into an ICP mass spectrometer (Perkin-
Elmer Elan 6000) or an ICP emission spectrometer (Jarrell Ash
Atomcomp Model 975) for determination of element content.
The composition of pyrite and sphalerite minerals in selected
samples was analyzed at the Electron Microprobe Laboratory,
McGill University using a JXA JEOL-8900L wavelength dispersive
electron microprobe. Operating conditions for instrument were
20 kV 30 nA. Pure elements, as well as pyrite, chalcopyrite, galena,
sphalerite, cinnabar, arsenopyrite, and stibnite were used as stan-
dards. LaX-ray lines were counted for As, Ag, Sb, Te, Cd, and Ka lines
for S, Cu, Fe and Zn, Ma lines for Hg and Pb, and Mb for Bi. The
detection limits of each element were calculated based on the 3s
statistical precision approach and are given in the tables together
with analysis results.
Hydrogen, oxygen and sulﬁde isotope analyses were performed
at the ACTLABS (Canada). For hydrogen isotope analyses, the
samples weighing 0.02e1.0 g are wrapped in molybdenum foil and
placed in a platinum crucible which is then suspended inside
a quartz extraction vessel. The vessel and its contents are
outgassed in a vacuum at 120 C for 4 h to remove surface-chalcopyrite and also pyrite inclusions in chalcopyrite, (C) replacement of chalcopyrite
and cataclastic texture in pyrite, (E) replacement of sphalerite by galena and sphalerite
e, (G) triangular texture in galena, (H) gold in quartz, (I) gold in chalcopyrite (Q: Quartz,
m).
Table 3
Fluid inclusions data from the Arzular mineralization.
Mineral Tfm (C) Tm-ice (C) Salinity (%) Density (g/cm3) Th (C) Th* (C)
Quartz 30.2 2.6 4.3 0.95 149 205
36.4 3.0 5.0 0.97 134 292
35.7 3.6 5.9 0.96 141 165
4.0 6.4 0.93 183 286
4.5 7.2 0.96 166 190
7.3 10.8 0.85 258 230
7.9 11.6 0.79 295 285
8.6 12.4 0.83 268 210
7.1 10.6 0.95 222 215
5.2 8.1 0.94 190 155
5.8 8.9 0.91 230 235
6.3 9.6 0.89 245 228
6.8 10.2 0.85 257 218
117
127
235
218
245
242
218
232
Average 5.6 8.5 0.91 214
Sphalerite 33.7 0.4 0.7 0.96 108 113
32.4 0.6 1.1 0.96 109 117
37.2 0.8 1.4 0.94 133 98
1.4 2.4 0.97 110 100
1.2 2.1 0.96 105 100
1.0 1.7 0.96 111 100
1.6 2.7 0.97 115 100
118
115
127
90
110
Average 1.0 1.7 0.96 109
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for up to 20 min and the gases are collected in a trap held
at 196 C. Nearly all of the hydrogen is released in the form of
water, but miniscule quantities of hydrocarbons or molecular
hydrogen released or produced during this treatment are oxidized
over CuO at 550 C to form H2O and CO2 which are also collected in
the trap. The accumulated water representing the total amount of
hydrogen in the samples is separated from the other gases by
differential freezing techniques. The water is reacted with uranium
at 900 C to produce H2 and collected on charcoal at 196 C. The
volume of the H2 is measured manometrically. Analyses of the
water contents are reproducible up to 0.2 wt.%. Isotopic analyses,
made by conventional isotope ratio mass spectrometry, are re-
ported in the familiar notation in per mil relative to the V-SMOW
standard. Duplicate analyses are made of some of these samples
and the dD values agree to better than 3. Using the procedure
described above we measured a dD value of 65 for the NSB-30
biotite standard.
Oxygen isotopes (d18O) are determined by conventional CO2-
H2O equilibration (Epstein and Mayeda, 1953). A small aliquot of
tank CO2 is added to a vessel containing a surplus of the sample
water. The vessel is sealed and emerged in a water bath at 25.0 C
and agitated to facilitate H2O-CO2 equilibration. Equilibration time
amounts to 48 h, long enough to equilibrate brines with high Mg
contents. CO2 from equilibrated samples is extracted on a vacuum
line and cryogenically puriﬁed. Isotopic analyses are performed on
a Finnigan MAT Delta Gas Isotope Ratio Mass Spectrometer
(GIRMS). Isotopic data are reported in the standard delta notation
as per mil deviations from V-SMOW. The CO2-H2O equilibration
factor used is 1.0412. External reproducibility is 0.14& (1s) based
on repeats of our dilute U of S water standard.
For sulﬁde isotope analyses, pure sulﬁde samples are combusted
to from SO2 gas under w10e3 torr of vacuum. The SO2 is inlet
directly from the vacuum line to the ion source of a VG 602 Isotope
Ratio Mass Spectrometer (Ueda and Krouse, 1986). Quantitative
combustion to SO2 is achieved by mixing 5 mg of sample with
100 mg of a V2O5 and SiO2 mixture (1:1). The reaction is carried out
at 950 C for 7 min in a quartz glass reaction tube. Pure copper
turnings are used as a catalyst to ensure conversion of SO3 to SO2.Table 2
Representative electron microprobe analysis results of pyrite and sphalerite from the Ar
Pyrite
Element Detection limits (wt.%) SB14-1 SB14-2 SB14-3 SB14-4 SB14-5 E
S 0.011 53.41 53.26 53.25 53.17 52.98 5
Fe 0.031 46.16 46.14 46.21 46.38 46.78 4
Ni 0.027 0.015 n.a 0.008 0.007 n.a n
Zn 0.050 n.a 0.012 0.018 0.021 n.a n
As 0.071 0.032 0.106 0.015 0.058 0.465 0
Se 0.029 n.a n.a 0.009 0.006 n.a n
Au 0.031 n.a n.a n.a 0.018 0.007 n
Cu 0.113 0.090 n.a 0.019 0.113 n.a 0
Co 0.054 n.a n.a n.a n.a n.a 0
Total 99.71 99.52 99.53 99.78 100.23 9
Sphalerite
Element Detection limits (wt.%) E1-1 E1-2 E1-3 E1-4 E1-5 E1-6
S 0.0221 32.75 32.38 32.86 32.76 32.96 32.92
Fe 0.0207 1.41 1.74 1.23 1.55 1.73 1.42
Zn 0.0574 63.91 64.48 62.7 63.98 64.39 64.27
Mn 0.0210 0.099 0.114 0.076 0.094 0.107 0.102
Cu 0.0363 0.104 0.017 1.83 0.08 0.037 0.126
Ag 0.0747 n.a 0.021 0.014 n.a n.a n.a
Cd 0.0723 0.858 1.11 0.705 1.05 0.725 1.17
Hg 0.1967 0.027 n.a 0.058 n.a n.a n.a
Total 99.158 99.862 99.472 99.514 99.949 100.01
Zn/Cd 74.5 58.1 88.9 60.9 88.8 54.9
n.a: no analysis.4. Results and discussion
4.1. Host rock geochemistry
The Arzular epithermal gold mineralization is hosted by
basaltic-andesitic rocks of the Eocene Alibaba Formation (Fig. 2).zular mineralization.
1-1 E1-2 E1-3 E1-4 E1-5 E2-1 E2-2 E2-3 E2-4 E2-5
2.96 52.61 53.11 52.58 52.81 52.64 52.65 53.17 52.56 53.24
6.31 46.19 46.35 45.91 46.16 46.14 46.21 46.17 45.89 46.75
.a n.a n.a n.a n.a 0.014 n.a n.a 0.008 n.a
.a 0.007 0.037 n.a 0.011 0.284 n.a 0.048 0.183 0.075
.208 0.792 0.403 1.05 0.575 0.956 0.820 0.120 0.948 0.016
.a n.a 0.007 n.a n.a 0.016 n.a n.a n.a 0.008
.a n.a n.a 0.012 0.006 0.011 n.a 0.022 n.a 0.012
.034 0.064 n.a 0.065 n.a 0.083 0.014 0.005 n.a 0.067
.005 n.a n.a n.a n.a 0.012 n.a n.a n.a n.a
9.52 99.66 99.91 99.62 99.56 100.16 99.70 99.54 99.59 100.17
E2-1 E2-2 E2-3 E2-4 E2-5 E2-6 SB14-1 SB14-2 SB14-3
32.98 33.06 32.79 32.76 32.95 32.87 32.9 32.96 32.7
1.07 1.66 0.923 1.76 1.33 1.1 1.31 0.59 0.535
63.94 64.54 65.15 64.21 65.08 65.02 64.68 65.67 66.11
0.07 0.097 0.068 0.121 0.062 0.081 0.017 0.026 0.029
0.253 n.a n.a 0.01 n.a n.a 0.186 0.105 0.167
0.023 n.a 0.025 0.011 0.036 0.007 0.066 n.a n.a
0.392 0.605 0.426 0.795 0.391 0.698 0.38 0.418 0.71
n.a n.a 0.068 n.a 0.044 n.a n.a n.a n.a
98.729 99.963 99.45 99.667 99.892 99.776 99.538 99.769 100.25
163.1 106.7 152.9 80.8 166.4 93.2 170.2 157.1 93.1
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thermal alteration processes and usually include secondary quartz,
chlorite, sericite, and calcite minerals. However, the analyzed
samples were carefully selected and weathered surfaces were
removed. These volcanic rocks show 49.44e53.69 wt.% SiO2,
0.64e1.17 wt.% TiO2, 18.05e21.31 wt.% Al2O3, 6.33e11.37 wt.% FeOt,
1.38e4.8 wt.% MgO, 2.83e4.1 wt.% Na2O, 0.22e1.25 wt.% K2O,
6.96e10.16 wt.% CaO, 47.8e87.8 ppm Zr, 3.1e13.1 ppm Ni,
10.2e29.3 ppm Co, 161e547 ppm Ba, 385e806 ppm Sr,
11.5e22.4 ppm Y and 1.4e2.58 ppm Yb (Table 1). On the Nb/YeZr/
TiO2  0.0001 chemical classiﬁcation diagram (Winchester and
Floyd, 1977), they plot in the basalt/andesite ﬁeld (Fig. 3A). In the
AFM diagram of Irvine and Baragar (1971), the samples plot in the
tholeiitic-calc alkaline boundary (Fig. 3B). On the Na2O versus K2O
and Co versus Th diagrams (Fig. 4A and B), all samples fall into
compositional ﬁeld of calc-alkaline magmatic rocks. The primitive
mantle-normalized trace element distribution patterns of the
volcanic rocks hosting the Arzular mineralization exhibit enrich-
ment in large ion lithophile (LIL) elements relative to high ﬁeld
strength (HFS) elements and also negative Nb, Ta, Zr and Ti
anomalies (Fig. 5A). Their chondrite-normalized rare earth element
distribution patterns reveal enrichment in light rare earth (LRE)
elements with respect to heavy rare earth (HRE) elements and lackFigure 7. Photomicrograph showing the ﬂuid inclof any conspicious Eu anomaly (Fig. 5B). These distribution patterns
suggest that subduction-related magma(s) played an important
role in the petrogenesis of calc-alkaline basaltic-andesitic rocks
hosting the Arzular mineralization.
4.2. Petrography and mineral chemistry
Detailed petrographic examination of polished sections from
the Arzular mineralization reveals that the main ore mineral
paragenesis is pyrite, chalcopyrite, sphalerite, tetrahedrite, galena
and gold, whereas the gangue minerals are quartz, calcite and
gypsum. Pyrite is one of the most common gold-bearing sulphide
minerals in the Arzular mineralization ﬁeld. Replacement relict of
galena and chalcopyrite are common in pyrite (Fig. 6A and B).
Chalcopyrite is a minor component in the Arzular mineralization,
and replaces the pyrite and is in turn replaced by galena and
sphalerite (Fig. 6A). Chalcopyrite also occurs as minor, very ﬁne
exsolution lamellae in sphalerite (Fig. 6D). Both pyrite and chal-
copyrite often have irregular cracks and a cataclastic texture (Fig. 6C
and D), indicating shear movement along the ore-bearing fracture
zones. Sphalerite is the dominant ore mineral in the Arzular
mineralization, and occurs as euhedral to subhedral grains of up to
0.5 cm in size. The mineral is replaced by galena (Fig. 6E) andusions in quartz from Arzular mineralization.
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Galena is an important component of the Arzular mineralization,
where it is generally in contact with sphalerite (Fig. 6F), replacing
pyrite and chalcopyrite and is in turn replaced by sphalerite. Galena
often includes inclusions of sphalerite and tetrahedrite (Fig. 6E)
with triangular texture (Fig. 6G), and 10 mm and 50 mm in size.
Tetrahedrite is a minor component and occurs as anhedral grains
within and/or along the margin of galena. Gold is intimately asso-
ciated with chalcopyrite and occurs as small grains ranging in size
from 1 to 15 mm. Gold is also sometimes found in quartz (Fig. 6H
and I).
The mineral chemistry of pyrite and sphalerite from the Arzular
mineralization are presented in Tables 2 and 3. The pyrites are
characterized by their high S (52.56e53.41 wt.%), Fe
(45.91e46.78 wt.%) and low Ni (<0.016 wt.%), Co (<0.013 wt.%), Cu
(<0.09 wt.%), Se (<0.016 wt.%), Zn (0.284 wt.%) and Au (0.012 wt.%)
contents. The As contents exhibit a wide compositional range
between 0.015 and 0.956 wt.% (Table 2). Sphalerite includes high
concentrations of Zn (63.91e66.11 wt.%), S (32.38e33.06 wt. %) and
low concentrations of Cu (<1.84 wt.%), Ag (<0.067 wt.%), Hg
(<0.069 wt.%). Their Fe and Mn concentrations vary from 0.54 to
1.76 wt.% and from 0.07 to 0.12 wt.%, respectively (Table 2). The Cd
content of the analyzed sphalerites is between 0.39 and 1.17 wt.%
(Table 2).
The Ni and Co values in pyrite and Zn/Cd ratios in sphalerite are
useful in interpreting the origin of the ore-forming hydrothermal
solutions in magmatic systems. Studies have indicated that the low
Ni and Co values in pyrite are associated with acidic magma source,
whereas the high Ni-Co values in pyrite are associated with a basic
magma source (Botinelly et al., 1985; Bajwah et al., 1987). Similarly,Figure 8. Photomicrograph showing the ﬂuid inclusHo et al. (1995) emphasized that low Co and Ni contents of pyrite
are related to I-type granitic intrusions in convergent plate margins.
Pyrite from the Arzular mineralization ﬁeld includes very low
contents of Ni (<0.016 wt.%) and Co (<0.013 wt.%), suggesting that
the gold-bearing hydrothermal solutions were generated by I-type
granitic intrusions. Xuexin (1984) suggested that there is a close
relationship between Zn/Cd ratio in sphalerite and the type of ore
deposit. This ratio is between 104 and 214 in hydrothermal deposits
whereas it is between 252 and 330 in carbonate-hosted and/or
metamorphosed sedimentary ore deposits. In addition, Gottesmann
and Kampe (2007) indicated that the low Zn/Cd ratios of the
primary sphalerite (<300) are associated with a granitic source. The
Zn/Cd ratios of sphalerites from Arzular mineralizations range from
60 to 171 (Table 2). These low Zn/Cd ratios are similar to those of
hydrothermal deposits which are related to granitic source rocks.
4.3. Fluid inclusions
Fluid inclusion studies were performed on quartz and sphalerite
from the Arzular ore vein. Primary and secondary ﬂuid inclusions
were observed in both minerals. The primary ﬂuid inclusions occur
as mono-phase (liquid) and two-phase (liquid þ gas) inclusions.
The inclusions are generally below 5 mm in size but rarely up to
30 mm. Primary ﬂuid inclusions are mostly elliptical (Fig. 7A and F),
square (Fig. 7B), irregular (Fig. 7E), rectangular (Fig. 7D), and rarely
euhedral ‘negative crystal’ (Fig. 7C) in shape in quartz, whereas
sphalerite contains mainly lath-shaped (Fig. 8BeD) and rarely
irregular ﬂuid inclusions (Fig. 8A).
Two-phase primary inclusions containing both liquid and gas
are can be divided into two subgroups as liquid-rich and gas-rich.ions in sphalerite from Arzular mineralization.
Figure 9. Frequency chart showing the distribution of homogenization temperatures of ﬂuid inclusion in quartz (A) and sphalerite (B).
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rich, both liquid- and gas-rich ﬂuid inclusions also occur in some
quartz. This suggests that these inclusions were trapped under
boiling conditions in an open system (Roedder, 1984). In addition,Figure 10. Schematic diagram showing typical trends in Th - salinity space due to
various ﬂuid evolution processes (after Wilkinson, 2001).
Figure 11. Homogenization temperature and eq. wt.% NaCl diagram (Roedder, 1984)
for ﬂuid inclusions in quartz and sphalerite from the Arzular mineralization.the absence of ‘‘necked down’’ ﬂuid inclusions in the studied
samples also supports an open system during their evolution.
The homogenization (Th, C) and ice-melting temperatures (Tfm
and Tm-ice, C) of ﬂuid inclusions in the quartz and sphalerite from
the Arzular ore ﬁeld are presented in Table 3. The ﬁrst ice-melting
temperatures of inclusions in quartz and sphalerite minerals range
from 30.2 to 37.2 C (Table 3), indicating compositions in the
NaClKClMgCl2-H2O system(Shepherd et al.,1985). Theﬁnal ice-
melting temperaturesmeasured fromﬂuid inclusions in quartz vary
between 2.6 and 8.6 C (mean 5.6 C), whereas these values
in sphalerite vary between 0.4 and 1.6 C (mean 1.0 C). The
salinity of ﬂuid inclusions in quartz is between 4.3 and 12.4 wt.%
NaCl, averaging about 8.5 wt.% NaCl (Table 3). However, the salinity
values calculated from ﬂuid inclusions in sphalerite are lower than
those in quartz and range from 0.7 to 2.7 wt.% NaCl with a mean of
1.7 wt.% NaCl. The homogenization temperatures (Th) of ﬂuid
inclusions in quartz and sphalerite vary between 130 and 295 C and
between 90 and 133 C, respectively (Fig. 9A and B). The ﬂuid
inclusion homogenization temperatures measured in both quartz
and sphalerite together indicate that the ArzularmineralizationwasFigure 12. dD (&) versus d18O (&) diagram showing the distributions of the hydrogen
isotope values in sericite and oxygen isotope values in quartz from the Arzular
mineralization ﬁeld (after Taylor, 1974 and Ohmoto, 1986).
Table 4
Stable isotope data from the Arzular mineralization.
Sample Mineral paragenesis Mineral d34S Dpy-gl T(C) Mineral d18O d18Owater (214 C) Sample Mineral dD
L1 Pyrite, sphalerite, galena, quartz Pyrite 3.0 3.7 251  20 Quartz 15.0 3.65 C2 Sericite 91
Sphalerite 0.0
Galena 0.7
L2 Pyrite, chalcopyrite, sphalerite,
galena, quartz
Pyrite 2.2 3.2 291  20 Quartz 14.5 3.16 C11 Sericite 87
Galena 0.6
L5 Pyrite, chalcopyrite, sphalerite,
galena, quartz
Pyrite 2.6 3.8 244  20 Quartz 16.7 5.36 D12 Sericite 93
Sphalerite 0.5
Galena 1.2
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On the homogenization temperature versus salinity diagram
(Wilkinson, 2001), the distribution of Th and salinity values obtained
from ﬂuid inclusions in quartz and sphalerite suggests the dilution
by waters of surﬁcial origin in the fracture zones (Fig. 10). In
Roedder’s (1984) homogenization temperature e salinity diagram,
they plot in the ﬁeld of epithermal mineralization with their low Th
and salinity values (Fig. 11).4.4. Stable isotopes
Stable isotope studies provide important information on the
source, chemical composition, transportation and storage of ore-
bearing liquids and also temperature and depth of ore formation
(e.g., Rye and Ohmoto, 1974; Ohmoto and Rye, 1979; Ohmoto, 1986;
O’Neil, 1986; Faure, 1986; Hoefs, 1987) (Fig. 12). In this study, the
S isotopes for pyrite, galena and sphalerite, O isotopes for quartz
and H isotopes for sericite from the Arzular ore ﬁeld were per-
formed at the ACTLABS (Canada) and the obtained results are
presented in Table 4.
d34S isotope values of the pyrite, galena and sphalerite from
Arzular range from1.2& to 3& (Table 4). These values are similar
to those of granitic rocks and base metal vein-type deposits and
also indicate that sulphur belongs to magmatic origin (Hedenquist
et al., 1994; Cooke and Simmons, 2000). In the Arzular minerali-
zation, it has been determined that the pyrite-galena pairs were in
equilibrium. Therefore, the isotope fractionation equation of
Ohmoto and Rye (1979) was applied for geothermometry calcula-
tions. The temperatures obtained from the pyrite-galena pairs
indicate a range of 247e332  25 C (average temperature
276  25 C), which is consistent with the temperatures obtained
from the ﬂuid inclusions (Table 4).
The hydrogen isotope values of sericite (n ¼ 3) and oxygen
isotope values of quartz (n ¼ 3) from the Arzular ore ﬁeld range
from 93& to 87& and from 14.5& to 16.7&, respectively
(Table 4), suggesting that isotopic compositions of sericite and
quartz from the Arzular area are within the typical range of
magmatic and metamorphic rocks (Hoefs, 1987). On the dD (&)
versus d18O (&) diagram (Taylor, 1974; Ohmoto, 1986), the H and O
isotope compositions of sericite and quartz suggest that the source
of the hydrothermal solutions forming the Arzular mineralization is
a mixture of magmatic, metamorphic and meteoric waters. These
values are also very similar to the values obtained from Mastra
epithermal gold mineralization, which is situated at about 26 km
northwest of the Arzular mineralization and is one of the richest
and largest epithermal gold deposits in the eastern Pontides
orogenic belt (Tayyar, 2005).4.5. The origin and timing of the ore-forming magma
The geodynamic evolution of the eastern Pontides orogenic belt
is still controversial. The most popular idea is that the belt wasshaped by a northward subduction during the Mesozoiceearly
Cenozoic (e.g., Adamia et al., 1977, 1981; S¸engör and Yılmaz, 1981;
Okay and S¸ahintürk, 1997). Conversely, some authors (e.g., Dewey
et al., 1973; Bektas¸ et al., 1995, 1999; Eyuboglu, 2010) suggested
a southward subduction model for the Mesozoiceearly Cenozoic
geodynamic evolution of this magmatic belt. The studied Arzular
mineralization is situated in the southern part of the eastern Pon-
tides orogenic belt and is hosted by basaltic-andesitic volcanic and
associated pyroclastic rocks (the Alibaba Formation). Eyuboglu
et al. (2012b) suggested that the basaltic-andesitic magmatism
occurred at the Lutetian (44.68  0.84 Ma), based on U-Pb ages
obtained from zircons within andesitic rocks exposed in the study
area. In addition, our results clearly indicate that the origin of this
mineralization is related to a granitic magma. The systematic
geological, geochemical and geochronological studies on the
Tertiary magmatism showed that the granitic magmas were
generated in a sab window-related setting and occurred at the two
different cycles in the southern part of the eastern Pontides
orogenic belt (Eyuboglu et al., 2011a). The ﬁrst cycle is represented
by adakitic intrusions exposed in the south of the Torul-Bayburt-
Ispir line. The detailed geochronological studies indicated that
this adakitic activity prevailed during the late Paleoceneeearly
Eocene (between 58 and 47 Ma; Eyuboglu et al., 2011a) in the
region. Therefore, the adakitic intrusions cannot be a potential
source for the epithermal gold mineralizations in the southern part
of the eastern Pontides orogenic belt. The second cycle of the
granitic magmatism is represented by non-adakitic intrusions that
are well-exposed in the immediately north of the Torul-Bayburt-
_Ispir line. The geochronological studies indicated that these granitic
bodies cutting the basaltic-andesitic volcanic rocks hosting the
studied Arzular and also Mastra epithermal gold mineralizations
were emplaced into autochthonous units of the eastern Pontides
orogenic belt during the late Lutetian (Karsli et al., 2007; Eyuboglu
et al., 2011a). Considering all geological, geochemical and
geochronological data, we suggest that the Arzular mineralization
is related to non-adakitic granitic magmas that were generated by
slab window-related processes in a south-dipping subduction zone
during the late Lutetian.
5. Conclusions
 The Arzular mineralization is mainly controlled by EeW and
NEeSW trending fracture zones.
 Our results indicate that subduction-related magma(s)
played an important role in the petrogenesis of calc-alkaline
basaltic-andesitic rocks hosting the studied Arzular min-
eralization.
 The main ore mineral paragenesis in the Arzular mineraliza-
tion is pyrite, chalcopyrite, sphalerite, tetrahedrite, galena and
gold, whereas the gangue minerals are quartz, calcite and
gypsum.
 The mineral chemistry, ﬂuid inclusion and isotope data indi-
cate that the Arzular mineralization is a low-sulﬁdation
E. Akaryalı, N. Tüysüz / Geoscience Frontiers 4 (2013) 409e421420epithermal gold deposit and its origin is related to a granitic
source.
 Considering all data, we suggest that the Arzular mineraliza-
tion is associated with non-adakitic subduction-related
granitic magmas that were generated by slab window-related
processes in a south-dipping subduction zone during the
Lutetian.
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